The mechanism behind diabetes-associated membrane damage by islet amyloid polypeptide (IAPP) is poorly understood. Results: IAPP induces and senses membrane curvature under conditions associated with membrane damage and binds to mitochondrial cristae in vivo. Conclusion: IAPP is a membrane-remodeling and curvature-sensing protein.
results in nonspecific rupturing and fragmentation of the membrane by the nascent fibrils (17, 18) . However, rat IAPP (rIAPP), which does not readily form fibrils (19) , has also been seen to cause membrane leakage in vitro (16) and confer some (albeit strongly reduced) cytotoxicity in vivo (12) . Also, the nonamyloidogenic hIAPP (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) fragment as well as a number of nonamyloidogenic full-length variants of IAPP have been observed to cause leakage of synthetic membranes (13, 15, 20) , and hIAPP (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) and rIAPP (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) can permeabilize pancreatic islet cell membranes (21) . Therefore, fibril growth cannot be the sole mechanism involved. Other mechanisms have been suggested that are analogous to those utilized by antimicrobial peptides (22) (23) (24) . Peptides that employ the detergent-like carpet mechanism cause widespread defects throughout the membrane surface in a nonspecific manner (25) (26) (27) (28) . Pore models, in contrast, entail monomers assembling to form a discrete oligomer in the membrane that acts as a pore with ion channellike properties (29, 30) or, alternatively, peptides inducing the membrane to form a toroidal pore lined by its own phospholipids (31) (32) (33) . Different studies have proposed a variety of mechanisms such as these for IAPP, including pore mechanisms (16, 34 -38) . Given the increasingly established bi-or multiphasicity of IAPP-mediated membrane damage (13) (14) (15) (16) , one or more of the above mechanisms could be part of an early step, with the later or latest step involving ␤-sheet fibril formation.
One possibility that remains unexplored is that IAPP induces membrane curvature as an ␣-helical wedge. Prior to forming ␤-sheet fibrils, IAPP is known to bind to negatively charged lipids and detergents using an amphipathic ␣-helical structure (39 -43) . Here, we hypothesize that the insertion of such a helical structure into negatively charged membranes might induce and/or sense membrane curvature. Other proteins that form membrane-bound amphipathic ␣-helices are known to induce membrane curvature by pushing phospholipid headgroups apart, thereby effectively acting as wedges. Examples include the H0 ␣-helices of N-BAR domain proteins such as amphiphysin and endophilin (44 -51) . In addition, ␣-synuclein binds to negatively charged membranes as an amphipathic ␣-helix that alone is sufficient to induce membrane curvature, or in other words to remodel liposomes into tubular structures, small, highly curved vesicles, or protein-lipid nanoparticles (52) (53) (54) (55) . Importantly, such membrane remodeling and induction of membrane curvature can cause disruption of membrane integrity (52) . Furthermore, at presynaptic termini in transgenic mice, overexpressed human ␣-synuclein was associated with remodeling of organelle membranes into highly curved structures (56) . We therefore tested whether some of the previously observed membrane-disrupting effects of IAPP might have been caused by induction of membrane curvature. Moreover, prior studies on membrane curvature-inducing proteins have shown that such proteins can also exhibit curvature-sensitive membrane binding under some conditions (44, (57) (58) (59) (60) (61) . Inasmuch as sensing of membrane curvature could have implications for physiological and pathogenic recruitment of IAPP to membranes, we also investigated the curvature sensitivity of the IAPP-membrane interaction.
Using circular dichroism (CD), spectrophotometry, and fluorescence microscopy of GUVs, we find that ␣-helical IAPP con-verts large, negatively charged vesicles into much smaller structures. Dye leakage experiments indicate that this membrane remodeling coincides with significant disruption of membrane integrity, and electron microscopy reveals the IAPP-dependent formation of lipid tubules and smaller vesicles. By uncovering IAPP as a curvature inducer, we can correlate the previously discovered early phase of membrane leakage with the modulation of membrane architecture into highly curved structures. When using only weakly negatively charged membranes, we find that IAPP transitions from an inducer of membrane curvature to a sensor of membrane curvature. The induction or sensing of membrane curvature may impact IAPP's physiological and pathological functions and govern its membrane localization in vivo. In support of this notion, we show that IAPP preferentially localizes to mitochondria, where it interacts with cristae. Cristae are curved membrane structures rich in cardiolipin and phosphatidylethanolamine, lipids with pronounced negative spontaneous curvature.
Experimental Procedures
Materials-Synthetic hIAPP was obtained from Bachem (Torrance, CA), and synthetic rIAPP was from BiomerTech (Pleasanton, CA)
B sulfonyl] (Rh-PE), and 1,2-dipalmitoylsn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (biotin-PE) were obtained as solutions in chloroform from Avanti Polar Lipids, Inc. (Alabaster, AL). Hexafluoroisopropanol (HFIP), HEPES, thioflavin T (ThT), Triton X-100, and asolectin were obtained from Sigma; 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS), p-xylene-bis(pyridinium bromide) (DPX), and avidin were from Life Technologies, Inc.; guanidine hydrochloride was from Thermo Scientific; and uranyl acetate was from Electron Microscopy Sciences (EMS, Hatfield, PA). Polydimethylsiloxane was purchased from Dow Corning (Midland, MI).
Preparation of Peptides-hIAPP or rIAPP powder was initially dissolved in HFIP. To quantify peptide concentrations, a small amount of peptide was isolated; the HFIP was evaporated under a stream of nitrogen gas and replaced with 8 M guanidine HCl, and absorbance at 280 nm was measured. hIAPP in HFIP was then aliquoted, flash-frozen in liquid N 2 , and lyophilized overnight. Immediately prior to each experiment, hIAPP was redissolved in 10 l of deionized water containing 0.5% acetic acid, to which 40 l of 110 mM HEPES, pH 7.4, was added. The resulting peptide solution was added to vesicles to a final peptide concentration of 25 M (unless otherwise indicated). For rIAPP, HFIP was evaporated under a nitrogen stream, and the peptide was redissolved in 10 mM HEPES, pH 7.0, 50 mM KCl, or 10 mM sodium phosphate, pH 7.0, no salt. Immediately before each experiment, peptide solution was centrifuged in a tabletop Eppendorf 5415D centrifuge at 13,200 rpm for 10 min; the supernatant was taken, and the peptide concentration was determined using A 280 . To perform the experiment, the appro-priate amount of peptide was then added to vesicles to reach a final peptide concentration of 25 M (unless otherwise indicated).
␣-Synuclein was prepared as described previously (62) . Briefly, the protein was expressed in Escherichia coli BL21 (DE3) pLysS cells (New England Biolabs, Inc.) and subsequently purified by boiling, acid precipitation, passage of the resulting supernatant through anion exchange columns, and elution with a 0 -1.0 M NaCl gradient. Prior to use in clearance assays, ␣-synuclein was buffer-exchanged via PD-10 columns (GE Healthcare) into 10 mM HEPES, pH 7.0, 50 mM KCl.
Preparation of Phospholipid Vesicles-POPS and POPC in chloroform were mixed to obtain the desired lipid molar ratios. For these mixtures and for individual preparations of POPC, POPS, POPG, or DOPG, the chloroform was evaporated under a stream of nitrogen, and the resulting lipid mixture was dried in a vacuum desiccator overnight. For lipid clearance and electron microscopy experiments, dried lipid mixtures were rehydrated in 10 mM HEPES, 50 mM KCl, pH 7.0, and used as the resulting multilamellar vesicles (MLVs) without further manipulation.
For leakage assays, large unilamellar vesicles (LUVs) with a diameter of 100 nm were prepared. First, lipids were rehydrated in 10 mM HEPES, pH 7.0, 2.4 mM KCl, 1 mM EDTA, 3 mM sodium azide, 9 mM ANTS, and 25 mM DPX. This resuspension was subjected to 10 cycles of freeze/thaw, followed by at least 21 extrusions through two 100-nm-cutoff polycarbonate membranes (Avanti). Unencapsulated ANTS and DPX were removed by gel filtration using Sephadex G-100 medium (GE Healthcare), eluting the LUVs in 10 mM HEPES, pH 7.0, 50 mM KCl, 1 mM EDTA, and 3 mM sodium azide.
For in vitro curvature sensitivity measurements, lipids were rehydrated in 10 mM sodium phosphate, pH 7.0, no salt. 100-nm LUVs were prepared by freeze/thawing and extruding the vesicle suspension as described above. SUVs were prepared by bath-sonicating the suspension, then centrifuging it in an Optima TLX Ultracentrifuge (Beckman Coulter, Inc.) at 60,000 rpm for 1 h using an Optima TLA-100.3 fixed-angle rotor (Beckman Coulter), and collecting the supernatant.
Preparation of giant unilamellar vesicles (GUVs) was modified from a previous method (63) . Briefly, the lipid mixture dissolved in chloroform was dried on an indium-tin oxide-coated glass slide (Delta Technologies, Loveland, CO) and stored under vacuum overnight. The resulting lipid film was hydrated with the addition of 10 mM HEPES, pH 7.0, 100 mM sucrose to the volume enclosed by two indium-tin oxide-coated slides and a 2.5-mm-thick silicon spacer. The GUVs were formed at room temperature (ϳ23°C) by applying a 1.5-V alternating current field with a frequency of 10 Hz for 1 h.
Vesicle Clearance Assay-Clearance of MLVs was monitored by measuring change in light scattering as a function of time at a wavelength of 500 nm and a slit width of 2 nm in a Jasco V-550 spectrophotometer. hIAPP, rIAPP, ␣-synuclein, or buffer as a control was added to vesicles in a quartz cuvette. IAPP was added to a final protein/phospholipid molar ratio of 1:20, except where otherwise indicated. ␣-Synuclein was added at a lower molar concentration to a final protein/lipid molar ratio of 1:74, to match the mass to lipid ratio used in the IAPP experiments. Each experiment was performed at least in triplicate.
Data were normalized by setting initial values to 1 and thereby plotting the fraction of remaining light scattering as A 500 at each time point. Data for the concentration dependence test ( Fig. 1E ) were scaled by dividing the clearance value (defined as the difference between 1 and the normalized A 500 ) for each sample at 100 s by the highest clearance value across all samples at 100 s. As a result, the lowest clearance value was set to 0 and the highest was set to 1.
CD-Measurements were taken using a Jasco J-810 spectropolarimeter in a 1-mm quartz cell every 0.5 nm at a 50-nm/min scan rate and a response time of 1 s. For each spectral measurement performed in parallel to the clearance assay, eight scans were averaged, and the appropriate background was subtracted; then the spectrum was smoothed by the Savitsky-Golay method. For CD spectra measured to determine curvature sensitivity, 16 scans were averaged, and the appropriate background was subtracted, and experiments were performed in 10 mM sodium phosphate, pH 7.0, no salt. In all cases, values were normalized to obtain mean residue ellipticity (MRE).
ThT Assays-To monitor possible fibril formation from peptides, ThT fluorescence assays were also performed in parallel using 25 M ThT in the sample. Emission intensities at 482 nm were measured as a function of time with excitation at 450 nm, excitation and emission slit widths of 1 and 10 nm, respectively, and a response time of 1 s. Measurements were taken using a Jasco FP-6500 spectrofluorometer and normalized to the maximal fluorescence values.
Fluorescence Microscopy-The NBD-PS and Rh-PE-labeled GUVs were observed with confocal fluorescence microscopy on a Nikon TI-E inverted microscope, using illumination provided by 50-milliwatt solid-state 491-and 561-nm lasers for the dyes and capturing fluorescent emissions at 525 and 595 nm, respectively. To minimize volumes used during observations of GUVs, an ϳ4.6-mm-thick polydimethylsiloxane sheet with a 6-mm-diameter cylindrical hole was attached to the coverslip to form an ϳ130-l observation well. The 0.3% biotin-PE GUVs were immobilized with avidin-biotin tethers to a supported lipid bilayer on the glass coverslip surface. The supported bilayer was prepared by rupturing 85:15 (molar) asolectin/biotin-PE LUVs onto glass. These LUVs were formed by 30-min sonication at 30°C of overnight vacuum-dried lipid film hydrated to a 2 mg/ml concentration with 10 mM HEPES, pH 7.0, 50 mM KCl. The LUVs were then filtered through the 0.45-m cellulose membrane of a syringe filter (VWR International, Radnor, PA). This LUV solution was deposited onto the glass surface, left for 30 min, and rinsed via pipetting with 10 mM HEPES, pH 7.0, no salt. Next, a 1 mg/ml avidin solution in water was added and left for 15 min and was followed by the same rinsing procedure but with the 10 mM HEPES, pH 7.0, 50 mM KCl. The GUVs were added to the observation well and allowed 10 min to sediment to the coverslip surface, after which excess vesicles were removed to prevent the peptides from acting on floating, unobservable vesicles prior to reaching those in focus. The resulting GUV lipid molar concentration was estimated to be on the order of 2.5 to 5 times the final concentration of peptide used in each experiment.
Leakage Assay-IAPP was added to LUVs at a protein/phospholipid molar ratio of 1:20, except where otherwise indicated.
Release of ANTS and its quencher DPX was gauged as an increase in ANTS fluorescence intensity as a function of time. Excitation and emission wavelengths were set at 380 and 520 nm with slits of 1 and 12 nm, respectively, and a response time of 1 s. One hundred percent leakage was attained using a final concentration of 0.04% Triton X-100, and all data were normalized to fluorescence intensity at this amount. Data for the concentration dependence test ( Fig. 1E) were scaled by dividing the normalized leakage value for each sample at 100 s by the highest normalized leakage value across all samples at 100 s. As a result, the lowest leakage value is set to 0 and the highest to 1.
Electron Microscopy (EM) of Vesicles-Samples were deposited as 10-l droplets on parafilm and carbon-coated Formvar films mounted on copper grids (EMS) floated on top for 5 min. Then, after blotting the excess liquid with filter paper, grids were floated on 10-l droplets of 1% uranyl acetate for 1 min for negative staining. Microscopy was performed using a JEOL 1400 transmission electron microscope accelerated to 100 kV. To build size distribution histograms, MLVs composed of POPS were initially extruded to 1 m in diameter, and an arbitrarily chosen quadrant was sampled for each of a series of images taken of POPS alone, POPS with hIAPP, and POPS with rIAPP; quadrants chosen throughout each series were those at the same placement as the first arbitrarily chosen quadrant for that series. Subsequently, the vesicles within the chosen quadrant for each series were counted for every image in that series and then categorized by size.
EM of Pancreatic Cells-With Animal Use and Care Committee approval, the whole pancreas was removed from a wild type female FVB mouse after euthanasia, and tissue was minced in Trump's solution at 4°C, fixed for 3 h, and then transferred to 0.1 M phosphate buffer. With Institutional Review Board approval, human insulinoma tissue previously obtained at surgery as described (64) was also minced immediately in Trump's solution and then postfixed in 1% osmium tetroxide. Samples from both the mouse pancreas and human insulinoma were then dehydrated in increasing concentrations of acetone, embedded in Quetol resin, and polymerized at 40°C, and 80-nm sections were placed on nickel grids for immunogold labeling of IAPP as described previously (64) .
Results

IAPP Transforms Negatively Charged Vesicles into Smaller
Structures-To test whether IAPP can remodel membranes, we added human or rat IAPP to MLVs made up of POPS, a negatively charged phospholipid, and monitored the change in light scattering by measuring A 500 over time, as described previously for ␣-synuclein (52) . Fig. 1A shows that hIAPP and, to a lesser extent, rIAPP cleared scattering by POPS MLVs, indicating their ability to transmute large vesicles into smaller entities. We performed the same assay using buffer alone as a negative control or ␣-synuclein, which is known to cause clearance of phosphatidylglycerol MLVs (52, 54) . Buffer induced no difference in light scattering, whereas ␣-synuclein caused some POPS clearance, although less so than either type of IAPP ( Fig. 1A) . Vesicles made up entirely of the zwitterionic phospholipid POPC showed no clearance upon addition of any peptide or buffer control (Fig. 1, B and C) . These results suggest that the electro-static interactions between IAPP and the membrane lead to loss of scattering by vesicles. To more systematically investigate how the change in scattering depends on the presence of negatively charged POPS, we reduced the percentage of POPS in the vesicle composition by replacing it with POPC. We found that the less POPS the vesicle membranes contained, the less clearance was observed (Fig. 1C ). hIAPP was generally more potent than rIAPP at reducing the scattering, and this difference was particularly pronounced at 33% POPS. Readings shown were collected before the onset of aggregation, as illustrated by the example of CD spectra measured in the presence of 100% POPS (Fig. 1D ), which after 1 h of clearance contained negative peaks at 208 and 222 nm, indicating ␣-helical, as opposed to ␤-sheet, structure.
In addition, we tested IAPP clearance of POPG and DOPG vesicles, because phosphatidylglycerol is a membrane component that is widely used in the literature (37, 65, 66) . Both hIAPP and, albeit less so, rIAPP moderately cleared light scattering from POPG more than that from DOPG, although not to the extent that they cleared POPS light scattering (as summarized in Fig. 1C ). Both types of IAPP showed a less pronounced effect on DOPG than did ␣-synuclein (Fig. 1C) . For all the data shown, ␣-synuclein, a 140-amino acid protein, was used at a mass per volume equal to that of IAPP, resulting in a 1:74 rather than a 1:20 protein/lipid molar ratio for ␣-synuclein and therefore a smaller clearance effect by ␣-synuclein on POPG in this experiment than in our previously published study, which utilized a 1:20 ␣-synuclein/POPG molar ratio (52) .
Thus far, all clearance assays were conducted using 500 M phospholipid and 25 M IAPP. To evaluate whether or not the mechanism behind the observed vesicle clearance involved a cooperative mechanism, we measured the light scattering of 66:34 POPS/POPC MLVs in the presence of hIAPP at a range of different peptide concentrations (while fixing the phospholipid concentration at 500 M). We observed a sigmoidal rather than linear relationship between hIAPP concentration and vesicle clearance (Fig. 1E ), suggestive of a cooperative mechanism.
To ensure that the agent that induced vesicle clearance did not consist of protein aggregates, we performed ThT fluorescence assays, which have also been performed extensively in the past on IAPP and ␣-synuclein under membrane-binding conditions (39, 67, 68) . We measured ThT fluorescence in parallel to our 1:20 protein/lipid ratio clearance assays (Fig. 2, A-C) , which corresponded to the highest IAPP concentration tested. We found no misfolding to occur in rIAPP or ␣-synuclein or in most of our hIAPP measurements under these conditions. We observed misfolding in hIAPP in some cases (as illustrated in Fig. 2D , showing ThT fluorescence in the presence of hIAPP and 100% POPS over a longer time course), and in all those cases the increase occurred only after the time frame required for light scattering by vesicles to reach its minimum (where applicable, as listed in Table 1 ). In addition, leakage (Fig. 5 , below) under these conditions began immediately upon addition of IAPP and was at or near completion upon attaining the time frame required for a significant ThT fluorescence increase (Fig. 2ABC) .
IAPP Reduces Negatively Charged Giant Vesicles into Smaller Lipidic Structures as Visualized by Fluorescence Microscopy-Our next step was to view the consequences of IAPP-membrane interactions directly. We immobilized GUVs and observed them under fluorescence confocal microscopy. Within 6 s of adding hIAPP, POPS vesicles dissolved into small structures (supplemental video S1 and Fig. 3A, green) , although control POPC vesicles present in the same preparation remained intact (Fig. 3A , blue, and supplemental video S1). POPS GUVs treated with rIAPP also disbanded into smaller lipidic structures, with POPC remaining intact ( Fig. 3B and supplemental video S2). Samples were observed for at least 10 min after addition of either variety of IAPP, at which point still no dissolution of POPC vesicles was observed ( Fig. 3, A, panel  iv, and B, panel iv) .
IAPP Modulates Membrane Architecture to Form Structures of High Curvature as Visualized by EM-Thus far, we have observed that, when added to negatively charged vesicles, ␣-helical IAPP leads to a population of smaller lipidic structures. To glean more information on the structures formed from affected vesicles, we used negative stain EM to visualize large vesicles before (example of POPS shown in Fig. 4A ) and after (Fig. 4, B and C) treatment with IAPP. Both hIAPP ( Fig.  4B ) and rIAPP (Fig. 4C ) induced formation of smaller vesicles from large ones made of POPS. The size distribution histogram (Fig. 4D ) for treated and untreated POPS vesicles shows a greater proportion of small vesicles in the presence of either IAPP compared with POPS alone; in particular, Ͻ20% of the vesicles counted that were untreated measured under 150 nm in diameter, whereas ϳ70% of those treated with hIAPP and ϳ60% of those treated with rIAPP measured under 150 nm.
In addition, we observed tubule formation, another way in which curvature induction can manifest itself, in some IAPPlipid combinations (Fig. 4, E-G) . However, the result that we detected was not a consistent generation of tubules upon mixing lipids with IAPP but was instead a heterogeneous mix of images across individual EM grids, such that even combinations that led to tubulation showed no tubes in other places on their respective grids (as illustrated in Fig. 4, H and I) . This heterogeneity is in contrast to the stable, consistent tubulation generated by ␣-synuclein (52, 54). Furthermore, in the 5:95 OCTOBER 23, 2015 • VOLUME 290 • NUMBER 43
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POPS/POPC MLVs in the absence of peptide (Fig. 4J) , we did observe a small amount of tubulation (Fig. 4J, inset) , which indicates a baseline of spontaneous tubulation in high-POPC content vesicles. Thus, in contrast to higher negative charge conditions, it is more difficult to cleanly conclude that membrane curvature was induced by IAPP at 5% phosphatidylserine content. Also observable in some IAPP-lipid combinations (see, for example, Fig. 4C ) was the formation of irregularly shaped amorphous structures that resemble neither tubules nor vesicles. These structures might have been a consequence of membrane fragmentation (69) . IAPP Induces Vesicle Leakage in a Charge-dependent Manner-To assess whether the reduction in vesicle size correlated with loss of membrane integrity, we next measured vesicle leakage. IAPP was added to LUVs encapsulating the fluorophore ANTS and its quencher DPX, and ANTS fluorescence was monitored as a measure of membrane leakage. LUVs made up of 66:34 POPS/POPC at a phospholipid concentration of 500 M leaked up to their respective plateaus within 10 min of addition of 25 M hIAPP or rIAPP, with the latter being slightly less potent under these conditions (Fig. 5 ). In both cases, the time frame was faster than that required for clearance of IAPPtreated vesicles of various amounts of POPS to reach its plateau ( Fig. 1A and Table 1 ). This time course indicates that vesicle integrity is already breached at the onset of membrane remodeling. Overall, the time course corresponds to those previously observed for ␣-synuclein and amphiphysin (52) . Furthermore, treating 500 M 66:34 POPS/POPC vesicles with varying concentrations of hIAPP revealed the resulting vesicle leakage to have a nonlinear IAPP dose dependence with a threshold concentration of 2 M corresponding to a 1:250 protein/single phospholipid molar ratio (Fig. 1E) , which was similar to the dose dependence of vesicle clearance (Fig. 1E) . Although neither hIAPP nor rIAPP appreciably caused leakage of 100% POPC-containing LUVs (Fig. 5 ), 10:90 POPS/POPC-containing LUVs leaked in the presence of hIAPP, whereas rIAPP only caused minor leakage (Fig. 5 ). Thus, as in the case of the clearance experiments, hIAPP had a stronger effect on membranes, and the difference between the peptides was most pronounced at intermediate lipid charge densities.
IAPP Senses Membrane Curvature under Conditions That Only Moderately Favor Binding-Depending on conditions, some membrane curvature-inducing proteins have been shown to act alternately as sensors (57, 60) . To delve into the possible membrane curvature-sensing properties of IAPP, we used CD to quantify the helicity of rIAPP on LUVs and SUVs, which are about 100 and 40 nm in diameter, respectively, and the latter of which is by nature more highly curved. We restricted this part of our study to rIAPP, which does not misfold readily and can thus be more stably investigated by CD over a wide range of conditions.
We measured the CD spectra of rIAPP on LUVs and SUVs consisting of 10:90, 20:80, 33:67, and 66:34 POPS/POPC, using only three-quarters of the lipid molar concentration for SUVs as for LUVs to offset the fact that approximately two-thirds of the phospholipids in SUV membranes, as opposed to about half of the phospholipids in LUV membranes, compose the outer leaflet (70) . As an example, spectra from 20:80 POPS/POPC are shown in Fig. 6A . rIAPP in the absence of vesicles yields a spectrum that peaks with negative ellipticity at ϳ200 nm, indicating a mostly random coil structure with only slight helicity. In contrast, the CD spectrum of rIAPP in the presence of 20:80 POPS/ POPC SUVs displays negative peaks at 208 and 222 nm, signifying an ␣-helical structure. rIAPP with LUVs presents a CD spectrum that is intermediate between the other two. The three spectra intersect at a wavelength of 204 nm, an isosbestic point typical of spectra of a peptide transitioning between random coil and helical states. We conclude that, at this composition, the more highly curved vesicles induce more rIAPP to enter the ␣-helical, and therefore membrane-bound, state. To quantify this difference, we plotted the MRE values at 222 nm as a measure of ␣-helicity of rIAPP in the presence of LUVs or SUVs of varying POPS content (Fig. 6B) . MRE values at 222 nm differed substantially between SUVs and LUVs in each case except for 66:34 POPS/POPC, where the values were similar. We conclude that, at low negative charge, ␣-helicity of rIAPP is dependent upon membrane curvature. Thus, it appears that IAPP acts as a membrane curvature sensor under conditions that limit binding and as a membrane curvature inducer under conditions that strongly favor binding (see under "Discussion").
Having established that IAPP has the ability to sense and/or induce membrane curvature, we next wanted to investigate whether membrane curvature may be a factor in the cellular localization of IAPP. To probe this possibility, we viewed immunogold-labeled endogenous IAPP under EM in mouse pancreatic islet ␤-cells ( Fig. 7A ) and in cells from an insulinoma removed from a human (Fig. 7, B and C) , and we observed it to bind to the cristae of the inner mitochondrial membrane, as well as other intra-and extracellular vesicular structures. Although our EM images lack the three-dimensional resolution to show that IAPP exclusively interacts with curved membranes, it should be noted that mitochondrial cristae as well as crista-crista junctions are predominantly highly curved, containing extensive tubular as well as bent membranes (71) (72) (73) . Aside from the physical curvature, mitochondrial cristae are rich in phosphatidylethanolamine and cardiolipin, lipids known to harbor significant amounts of negative spontaneous curvature (74 -76) . Such spontaneous curvature is the consequence of a low headgroup to acyl chain ratio causing low packing densities in the headgroup region, thereby mimicking the effects of physical curvature. Together, phosphatidylethanolamine and cardiolipin constitute at least half of the phospholipid composition of inner mitochondrial membranes (76) , lending these membranes curvature that likely increases IAPP's binding affinity for them.
Discussion
This study sought to uncover the effects of ␣-helical IAPP on membranes. We detected charge-dependent induction of membrane curvature as a result of IAPP-membrane interactions, leading to the formation of a range of highly curved structures accompanied by disruption of membrane integrity as well as leakage. This effect was strongest for hIAPP, although rIAPP was also capable of inducing membrane curvature. In addition, we observed IAPP to act as a membrane curvature sensor under conditions that limit membrane binding. Our data show IAPP to be ␣-helical for the duration of this membrane curvatureinducing and -sensing activity.
␣-Synuclein, another amyloid protein, has previously been observed to induce membrane curvature in a similar manner (52) (53) (54) (55) to the behavior of IAPP in this study. We propose that membrane curvature, whether induced by ␣-synuclein or by IAPP, is mediated by the wedging of membrane-inserting amphipathic helices. Although both IAPP and ␣-synuclein induce tubulation and vesiculation of membranes, ␣-synuclein has a tendency to generate more stable tubules, whereas tubulation exerted by IAPP is far weaker. This difference between the proteins in the ensuing lipid tubule stability is likely due to the unusually extended helical structure of ␣-synuclein that is ϳ140 Å in length (77) . We previously noted that the long helical structure of ␣-synuclein generates a highly anisotropic curvature strain that is ideally suited for stabilizing the anisotropic curvature of tubes (52) . In agreement with this notion, we find that the shorter IAPP helix is less capable of stabilizing tubular structures. Regardless of this difference, our data link the membrane curvature-inducing abilities of both proteins to a loss of membrane integrity. Furthermore, we observed amorphous structures that were neither tubular nor vesicular. Those structures could be similar to the protein-lipid complexes previously observed for ␣-synuclein (55) and could explain the previous finding of membrane fragmentation reported for IAPP (69) .
Considering the general prevalence of disruption of membrane integrity by amyloid proteins (78) , could the inferred membrane curvature induction mechanism be more general? Amyloid ␤-peptide and huntingtin have been observed to bind to membranes using the insertion of amphipathic helices (79, 80) . This manner of membrane binding is similar to that of IAPP (39 -43) , and one might expect potential induction of membrane curvature via helical wedges in those proteins as well. Such membrane remodeling could further be facilitated by oligomeric structures that act as delivery vehicles, creating a high local protein density. Additional structural studies are needed to assess utilization of this membrane curvature mechanism by amyloid proteins other than IAPP and ␣-synuclein.
We tested the hIAPP concentration dependence for two gauges of membrane damage, vesicle leakage and vesicle clearance. The resulting curves (Fig. 1E ) were sigmoidal and similar to one another, suggesting that leakage and clearance likely occur by related mechanisms. Although leakage measures small openings in the membrane that allow fluorophores to escape, clearance results from major changes in vesicle size. Because the latter can be expected to occur over a longer time frame, this intrinsic difference between measuring leakage and measuring loss of light scattering likely accounts for the steeper increase in leakage observed at intermediate IAPP concentrations (Fig.  1E ). It should be noted that, although changes in light scattering proceed at a slightly reduced slope relative to leakage, the two measurements still exhibit similar concentration-dependent behavior (Fig. 1E) . The nonlinearity of both curves indicates that this mechanism is cooperative, an observation in step with previous findings that hIAPP disrupts membrane integrity in a cooperative manner (21, 40) . The precise reason for the cooperativity is presently unknown, and future studies will have to show whether increases in concentration simply lead to a critical density of membrane wedges or whether IAPP oligomerization on the membrane is necessary.
Membrane binding by IAPP depends upon membrane curvature ( Fig. 6 ) and charge density (Fig. 1C) , where a higher density of negative charge in the membrane leads to a stronger driving force for membrane interaction and therefore curvature induction ( Figs. 1 and 4) . At lower negative charge densities, some membrane remodeling is observed (Fig. 4, F and G) , but under such conditions membrane binding becomes strongly sensitive to membrane curvature (Fig. 6 ). Thus, with the decrease in driving force for IAPP-membrane interactions due to lower negative charge density comes an increasingly pronounced positive effect on membrane binding originating from the additional spacing between headgroups in more highly curved membranes (Fig. 8A) , whereas high negative charge densities cause IAPP to insert into membranes without the need for existing membrane curvature, and this insertion induces new membrane curvature (Fig. 8B) . Therefore, membrane curvature sensing and inducing are likely to be coupled phenomena that depend upon the affinity of IAPP for the membrane, as governed by negative charge density. Our in vitro data suggest that hIAPP and rIAPP disrupt membrane integrity by induction of membrane curvature but that hIAPP does so more efficiently, especially in the presence of membranes composed of more modest and physiologically relevant levels of negative charge. This quantitative rather than qualitative difference between hIAPP and rIAPP is consistent with the recent finding that rIAPP can become toxic, but much higher concentrations are required for this peptide (12) . The comparatively modest effects of rIAPP on membranes are consistent with prior studies (21, 40, 81) . One of these studies found that the His-18 to Arg-18 mutation in rIAPP plays an important role in the differences between rIAPP and hIAPP membrane perturbation (21) .
Curiously, in ␤-cells of hIAPP-expressing rodent models of type II diabetes as well as those of humans with type II diabetes, mitochondrial membranes, which are partially negatively charged, are particularly prone to disruption (6) . Our in vivo EM data ( Fig. 7) show human and rat IAPP to localize to mitochondria. Considering that hIAPP is more potent at remodeling membranes, one might expect that hIAPP becomes more disruptive to these membranes than rIAPP. The driving force for such membrane disruption could further be enhanced by increased negative charge density of the mitochondrial lipids or increased local concentrations of hIAPP, possibly by oligomerization. The notion that ␣-helical hIAPP senses membrane curvature and disturbs the architecture of crista membranes is further supported by the discovery that ␣-helical IAPP abrogates mitochondrial function (12) . Furthermore, other studies showed that ␣-helical hIAPP oligomers permeabilize pancre- FIGURE 8 . Schematic of relationship between membrane curvature-inducing and curvature-sensing behavior in ␣-helical IAPP. A, IAPP easily binds, even at low negative charge density, to highly curved membranes by fitting between the spaced headgroups. B, at high membrane negative charge, IAPP binds to membranes regardless of local curvature, wedging headgroups apart in planar membranes to force curvature.
atic ␤-cell membranes and cause those cells to lose their normal morphology and viability (82) and that targeting the ␣-helical form of hIAPP can be protective to cells and membranes (83) . The finding that induction of membrane curvature by amyloidogenic proteins results in disruption of membrane integrity and presumably toxicity might ultimately lead to new therapeutic strategies.
Author Contributions-N. C. K., M. A., S. A. J., P. C. B., and R. L. designed the study. N. C. K. designed and performed the experiments shown in Figs. 1, 2, 4 , and 6. S. S. designed and performed the experiments shown in Fig. 3 and supplemental videos S1 and S2. M. A. and S. A. J. designed and performed the experiments shown in Fig. 5 . P. C. B. designed and performed the experiments shown in Fig.  7 . N. M. contributed the microscopy tools for the experiments delineated in Fig. 3 and supplemental videos S1 and S2. N. C. K., S. A. J., P. C. B., and R. L. analyzed the data. N. C. K., S. S., P. C. B., and R. L. wrote the paper. All authors reviewed the results and approved the final version of the manuscript.
